Background Cortical signal intensity (SI) of the limbic system in adults is known to be higher than in neocortical structures, but time-related changes in SI during childhood have not been described. Objective To detect maturation-related SI changes within the limbic system using a fluid-attenuated inversion recovery (FLAIR) MR sequence. Materials and methods Twenty children (10 boys, 10 girls; age 3.5-18 years, mean 11.2 years) with no neurological abnormality and normal MR imaging examination were retrospectively selected. On two coronal FLAIR slices, ten regions of interest (ROI) with a constant area of 10 mm 2 were manually placed in the archeocortex (hippocampus), periarcheocortex (parahippocampal gyrus, subcallosal area, cingulate gyrus) and in the neocortex at the level of the superior frontal gyrus on both sides. Results Significant SI gradients were observed with a higher intensity in the archeocortex, intermediate intensity in the periarcheocortex and low intensity in the neocortex. Significant higher SI values in hippocampal and parahippocampal structures were detected in children up to 10 years of age. Conclusion These differences mainly reflected differences in cortical structure and myelination state. Archeocortical structures especially showed significant age-related intensity progression suggesting ongoing organization and/or myelination until early adolescence.
Introduction
Since the introduction of the fluid-attenuated inversion recovery (FLAIR) sequence, numerous studies have demonstrated the superior sensitivity of this technique in showing pathological changes in cerebral white and grey matter over conventional T1-or T2-weighted images. The few studies in which the normal appearance of cortical structures has been investigated in healthy adult volunteers have shown a higher signal intensity (SI) of the limbic system relative to neocortical structures [1] [2] [3] [4] . The limbic system encompasses mainly the embryological older archeocortex and the periarcheocortex arranged at the periphery [5] [6] [7] .
The aim of our study was twofold: firstly, to determine if FLAIR imaging was able to detect SI differences within the limbic system, and secondly, to detect maturationrelated SI alterations in cortices of different embryological origin.
Patients and methods
Twenty patients (10 boys, 10 girls; age 3.5-18 years, mean 11.2 years) with normal neurological examination and normal developmental milestones underwent cranial MR imaging (Picker 1.5 T, Marconi/Philips Medical System) including a FLAIR sequence that is part of our routine examination protocol. Patients were referred to our institution for various reasons that included headaches (n=8), spinal malformations (n=6), and orofacial tumours (n=6). The cranial MR studies were retrospectively and independently reviewed by two neuroradiologists (J.F.S., K.V.) and deemed normal. The patients were divided into four groups according to age: group 1 five patients, mean age 4.5± 0.9 years; group 2 five patients, mean age 9.7±1 years; group 3 five patients, mean age 14±0.1 years; group 4 five patients, mean age 16.6±0.9 years.
Two slices at the level of the limbic system were obtained in the coronal plane, perpendicular to the bicommissural plane. Scan parameters were inversion time 1,900 ms, TR 7,800 ms, effective echo time 180 ms, matrix 198×256, FOV 240 mm, and slice thickness 4 mm.
SIs were measured at the workstation using a "region of interest" (ROI) method which involved placing symmetrical ROIs of constant area (10 mm 2 ) within the cortical ribbon of the following structures: hippocampal head, parahippocampal gyrus, subcallosal area, cingulate gyrus, superior frontal gyrus (Fig. 1) . Mean SI and standard deviation (SD) values representing the SI of the cortex compared with the attenuated cerebrospinal fluid (CSF) were obtained. Symmetrical left and right ROIs were measured separately. There was no statistically significant difference in the data obtained between left and right, so the results were averaged. There was also no statistically significant difference in the data obtained from the frontal cortex between the two slices, so these results were also averaged before further analysis.
Values from all regions were analyzed using a nonparametric rank-based Kruskal-Wallis test for multiple means comparisons. All group means were then compared pair-wise using a post hoc one-way ANOVA Tukey-Kramer HSD test. Statistical analysis was conducted with JMP software (JMP IN, version 5.1.2, SAS, Cary, N.C.). We considered P values <0.05 as statistically significant. 
Results
Mean SI values showed a homogeneous distribution within the ROIs with a low SD in all the examined regions. Within the same structures there was no significant difference between the right and left hemispheres. The hippocampal cortex showed the highest SI of all examined cortices (Fig. 2 ). There were no significant differences in SI between the three periarcheocortical structures (subcallosal area, cingulate gyrus, parahippocampal gyrus), and their SIs were significantly higher than those of the frontal neocortex and lower than those of the hippocampal cortex (Fig. 2) . The frontal neocortex showed the lowest SI of all examined areas (Table 1, Fig. 2 ). Comparing the same cortical region between groups 1 and 4 (to evaluate changes during maturation), the SIs were significantly higher in group 4 than in group 1 for archeocortical structures (11% in the hippocampus) and periarcheocortical structures (16% in the cingulate gyrus, 18% in the parahippocampal gyrus, and 20% in the subcallosal area). The main differences in relation to maturity were seen between groups 1 and 3 for archeocortical structures and between groups 1 and 2 for periarcheocortical structures (Fig. 3) . The SI of the parahippocampal gyrus in group 4 was significantly higher than that in group 3. The SIs of the frontal neocortex were not significantly different between the age groups ( Table 1) . 
Discussion
FLAIR imaging relies primarily on T2 weighting for image contrast although it has some T1 sensitivity. It uses a predefined inversion recovery time which nullifies the signal from the CSF. It is widely and routinely used for identifying abnormal areas of high SI in both the white and grey matter. Areas of pathological or defective myelination, as well as ischaemic or gliotic areas, are demarcated from normal tissue or adjacent fluid-filled cavities due to their intrinsically higher signal [2, 7] . Hyperintensity of the limbic system compared to the neocortex has been described previously [3] . However, the principal finding of this study is a variation of SI within specific subgroups of limbic and paralimbic cortical territories. The archeocortex showed a higher SI than the periarcheocortex in all age groups. On the other hand, all areas within the periarcheocortex showed a comparable SI, probably reflecting their common embryological origin (Table 1, Fig. 2) . A second major finding is that cortical maturation could only be detected in the cortex of the limbic system and was not observed in neocortical structures ( Table 2, Fig. 3 ). The major maturation process takes place during the first decade of life, as seen in the statistically significant difference in SI between groups 1 and 2 ( Table 2 ). The significantly higher SI in group 4 than in group 3, representing a late increase in SI, in the parahippocampal cortex remains unexplained (Table 2) .
Structural and architectonic specificity of the archeocortex and periarcheocortex in comparison with neocortical structures may explain these differences in SI. A more primitive cellular organization with fewer than six neuronal layers, a different microvascularization pattern and, particularly, a different myelin structure may be involved at a different level in each limbic and paralimbic region. Naidich et al. [8, 9] have postulated that identifying a thick layer of myelinated fibres called the medullar superficial layer, which delimits the allocortical structures (the combination of archeocortex and paleocortex), may allow differentiation between allo-and neocortical structures.
Other authors, however, have explained the higher SI in relation to the particular thickness and superficiality of this layer, ruling out a role of an eventual chemical shift or the effect of superficial vessels [3, 6] . Limbic myelin, however, appears to be wrapped more loosely compared to neocortical myelin, thus allowing a higher concentration of water protons, and might, therefore, contribute to the higher SI observed [10] .
Newer techniques based on diffusion tensor imaging have recently demonstrated that myelination of cerebral white matter is a process that continues during childhood much longer than previously thought, with subtle changes still being demonstrated in adolescence [11] . An equivalent myelination process in the limbic and paralimbic cortical pathways based on a different myelin structure may account for the progressively higher SI observed in this study, with adult levels of intensity being reached in early adolescence. A potential limitation of this study was the relatively small number of patients; the results should be validated in a larger cohort of subjects.
Conclusion
We have demonstrated that architectonic and embryological differences between the neocortex, archeocortex and periarcheocortex influence their characteristic SI as identified on FLAIR imaging. Ongoing maturation and myelination of these distinct cortical subtypes, which persist until early adolescence, may accentuate these agerelated differences in SI. 
